1. Introduction {#sec1-molecules-24-01516}
===============

Skin cancer is the most common malignancy in the world, affecting men and women of every skin color \[[@B1-molecules-24-01516]\]. The incidence of cancers of all kinds is increasing; among newly diagnosed cancers, one in three is a skin cancer \[[@B2-molecules-24-01516]\] ([Figure 1](#molecules-24-01516-f001){ref-type="fig"}). Individuals in white- or light-skinned populations bear the brunt of skin cancer; the most common cancers in these populations are melanoma and non-melanoma skin cancer (including squamous cell carcinoma, basal cell carcinoma, Bowen's disease, keratoacanthoma, and actinic keratosis). Huge amounts of time and money are spent on research worldwide in an effort to address cancer; as a result, the associated mortality rates are stable and possibly decreasing \[[@B3-molecules-24-01516]\]. That said, the World Health Organization still estimates that, each year, between 2 and 3 million non-melanoma skin cancers and \~132,000 melanomas occur globally \[[@B4-molecules-24-01516]\]. The progression and general characteristics of melanomas are far more severe than those of non-melanoma skin cancers; the incidence of the latter varies widely, with the highest rates reported in Australia \[[@B5-molecules-24-01516]\] and the lowest rates in parts of Africa \[[@B6-molecules-24-01516]\]. This pattern results from both skin color and exposure to sunlight in these areas. With an incidence of \~80%, basal cell carcinomas comprise the bulk of non-melanoma skin cancers \[[@B7-molecules-24-01516]\]. Basal cell and squamous cell skin cancers are easier to treat and grow more slowly than melanomas, which is good, as they occur more often. On the other hand, melanoma, which is highly metastatic, drug-resistant, and aggressive, is responsible for 75% of all deaths from skin cancer, even though it comprises only 5--10% of the cases diagnosed. The burden imposed by melanoma is borne primarily by Australasian, North American, and European populations, as well as individuals from all populations who are elderly and/or male \[[@B8-molecules-24-01516]\].

Two unusual skin cancers are Merkel cell carcinoma and dermatofibrosarcoma protuberans, both of which occur rarely. While the incidence of Merkel cell carcinoma is \~4.5- to 5.5-fold lower than that of melanoma, it is particularly aggressive and metastasizes at an early stage. Within 2 years of diagnosis, it has a relative mortality of approximately 30%, which reaches 50% within 5 years of diagnosis \[[@B9-molecules-24-01516]\]. Merkel cell carcinoma is the second leading cause of skin cancer death after melanoma, even though it is responsible for less than 1% of malignant tumors of the skin \[[@B10-molecules-24-01516]\]. Dermatofibrosarcoma protuberans, which occurs \~1.3--7.5 times less often than even Merkel cell carcinoma, rarely metastasizes \[[@B11-molecules-24-01516]\] and in general has a much better prognosis. Unfortunately, without early detection and treatment, this invasive cancer can insert itself deeply into a variety of tissues, including fat, muscle, and even bone.

A simple Google search for 'melanoma' (\>34,300,000 results) demonstrates the importance of this cancer to human populations, as does the related search for 'life expectancy' (\>34,400,000 results). One of the main goals of this review is to help increase the life expectancy of patients with skin cancer, resulting in causing the number of results for Google searches for 'melanoma' to plummet, as happened for 'smallpox' (\>8,340,000 results), which was declared eradicated in 1980 \[[@B12-molecules-24-01516]\].

2. Skin: Where One-Third of New Cancers Are Born {#sec2-molecules-24-01516}
================================================

Skin, the human body's largest organ, is complex. An adult has between 1.5 and 2 square meters of skin, responsible for about 15--17% of total body mass. In the skin, there are several distinct types of tissue organized by cell type into four primary layers. The stratum corneum, which forms a barrier against the environment, consists of dead keratinized cells. The subcutaneous tissue (subcutis) contains fibroblasts, adipose cells, and macrophages. The epidermis and dermis are both made up of epithelial, mesenchymal, glandular, and neurovascular components. As the outermost layer of skin, the epidermis, of ectodermal origin, is the body's first point of contact with bacteria, viruses, chemicals, radiation, and humidity. The particular characteristics of the epidermis, both biological and physical, determine how it responds to and resists stressful environmental factors such as infectious pathogens, harmful chemicals, and UV light \[[@B13-molecules-24-01516],[@B14-molecules-24-01516],[@B15-molecules-24-01516],[@B16-molecules-24-01516],[@B17-molecules-24-01516]\]. Constantly exposed to UV radiation from sunlight and other sources, the epidermis is highly susceptible to DNA damage. UVB radiation (280--315 nm), which makes up less than 2% of the UV rays in sunlight, is considered the major environmental cause of skin cancer. UVB is involved in both tumor initiation and promotion \[[@B18-molecules-24-01516]\]. UVB completely penetrates the epidermis (0.03--0.13 mm thick) and is able to penetrate slightly below it into the dermis (1.1 mm thick). When this happens, the caused damage allows this area to become the focal point of a new cancer.

Malignant melanoma is the deadliest form of skin cancer. Over the last few decades, the incidence of this cancer, which is prone to metastasis and often difficult to treat, has increased steadily and significantly \[[@B19-molecules-24-01516]\], so much so that globally, melanoma cases are increasing faster than those of any other cancer. Unlike cells that give rise to squamous cell and basal cell carcinomas, it is unknown where melanoma cells originate. There are several theories: dedifferentiated melanocytes may give rise to the precursors of melanoma, or these cells may develop from melanocyte progenitors in the bulge region of hair follicles or from Schwann cell precursors that derive from the neural crest \[[@B20-molecules-24-01516],[@B21-molecules-24-01516],[@B22-molecules-24-01516],[@B23-molecules-24-01516]\]. On the other hand, squamous cell carcinoma is known to originate in the basal cell layer of the epidermis from progenitor/stem cells. While both squamous cell carcinoma and melanoma frequently metastasize, basal cell carcinoma does not \[[@B21-molecules-24-01516],[@B22-molecules-24-01516]\]. The origins of basal cell carcinoma (the most common malignant skin cancer worldwide) are harder to pin down. It has been proposed that they develop either from cells in the bulge region of the hair follicle (an area rich in keratinocyte stem cells) or, like squamous cell carcinoma, in the basal cell layer of the epidermis from progenitor/stem cells \[[@B24-molecules-24-01516]\]. Controversy surrounds the exact cellular origin of basal cell carcinoma. Evidence from studies points strongly at an origin in the stem cells within hair follicles and mechanosensory niches \[[@B25-molecules-24-01516]\].

Determining the identity of cancer cells in solid tumors has always been a challenge and remains so even now \[[@B26-molecules-24-01516]\]. Fortunately, this is not the case with skin cancer. Indeed, as an organ, the skin lends itself to experimental investigation; it is much more accessible than the internal organs and is constructed of well-defined cellular compartments. In addition, genetically engineered mouse models that mimic the progression of melanocytic and epithelial skin cancers in humans have now been developed. This is important because we need a starting point from which to begin our assault on these aggressive cancers. For example, dermatofibrosarcoma protuberans, one of the unusual skin cancers mentioned previously, is known to be a mesenchymal tumor that originates in fibroblasts \[[@B27-molecules-24-01516]\]. It is the most common of all the dermal sarcomas \[[@B28-molecules-24-01516]\], usually affecting the dermis and subcutaneous tissue. Even though it is unusual, knowing the tissues that give rise to it and nourish it provide us with vital information about how to defeat it. Since the precise origins of some cancers remain elusive, there is still room for new and sometimes unexpected discoveries \[[@B29-molecules-24-01516]\]. The origin of another unusual cancer, Merkel cell carcinoma, has been strongly linked to the Merkel cell polyomavirus. In a large number of cases (\>80%), this cancer has been found to occur concomitantly with Merkel cell polyomavirus, a member of the normal human viral flora \[[@B30-molecules-24-01516]\]. While it is most commonly believed that Merkel cell carcinoma derives from cutaneous Merkel cells or from some common precursor, its true origin is still a matter of debate \[[@B31-molecules-24-01516],[@B32-molecules-24-01516],[@B33-molecules-24-01516]\] ([Figure 2](#molecules-24-01516-f002){ref-type="fig"}).

3. Ultraviolet Light Illuminates the Path of Skin Cancer {#sec3-molecules-24-01516}
========================================================

We tend to think of sunlight as visible light from the sun; white light made up of the different wavelengths of light that, with a prism, we can separate into a rainbow. However, solar radiation is the combination of this visible light and ultraviolet radiation (UVR), which comprises different wavelengths classified into three groups. The shortest and most dangerous wavelengths, \<295 nm, are classified as UVC. Fortunately, the majority of UVC radiation is absorbed by the atmosphere before it reaches the Earth's surface and our skin. Solar UVR, the radiation that does penetrate the atmosphere and reach the surface, has wavelengths \>295 nm and is classified as UVA and UVB. While UVB (280--315 nm) represents only 5% of solar radiation, it is much more effective than UVA at damaging DNA. It causes cancer and sunburn in both humans and other animals, even though it only penetrates the upper layers of the skin. UVA radiation (315--400 nm), which represents 95% of solar radiation, penetrates deeper into the tissues. For the most part, it was believed that UVA caused little harm other than wrinkles and the cosmetically distressing signs of ageing of the skin. However, in epidemiological studies, it is difficult to separate the effects caused by UVB, UVA, and visible light. Therefore, these wavelengths are typically grouped together and treated as a unit \[[@B34-molecules-24-01516]\]. Generally, UVR is an important risk factor for all skin cancers and is considered as a 'complete carcinogen' because it causes both general (nonspecific) skin damage and mutations and functions both as an initiator and as a promoter of tumors \[[@B35-molecules-24-01516]\]. UVR is responsible for damage to the DNA (where it causes cyclobutane pyrimidine dimers to form) and gene mutations, including mutations to the p53 tumor suppressor genes involved in DNA repair and/or in the apoptosis of cells disabled by extensive DNA damage. By inducing the immunosuppressive cytokines interleukin-1 and tumor necrosis factor-alpha (TNF-α), UVR increases the levels of oxidative stress and related inflammatory responses. All of these negative effects play an important role in the photoaging of the skin and greatly increase the likelihood of initiation of skin cancer \[[@B36-molecules-24-01516],[@B37-molecules-24-01516],[@B38-molecules-24-01516]\].

The amount of UVR that actually reaches the Earth's surface is affected by many factors, including ozone depletion, UV light elevation, latitude, altitude, and weather conditions \[[@B39-molecules-24-01516]\]. South America receives the greatest amount of ultraviolet radiation, particularly in the Peruvian Andes and throughout the west--central Altiplano region \[[@B40-molecules-24-01516]\]. The following countries/cities have the highest UV levels: Australia (Darwin), Brazil (Rio de Janeiro), Cuba (Havana), Kenya (Nairobi), Madagascar (Tananarive), Mozambique (Maputo), Panama (Panama), Singapore (Singapore), Sri Lanka (Colombo), Thailand (Bangkok), and Vietnam (Hanoi) \[[@B41-molecules-24-01516]\]. In 1992, Canada introduced the use of the UV Index (which ranges from 0 to 11+) as a way to address growing concerns about ozone depletion and how this might increase ultraviolet (UV) radiation. For example, between March and September, the UV Index in Vancouver (Canada) can be 3 or higher. When the UV Index is 3 or higher, the skin should be protected as much as possible \[[@B41-molecules-24-01516]\]. It has been estimated that UV exposure, and thus a high UV Index, is one of the primary causes of 65% of melanomas and 90% of non-melanoma skin cancers \[[@B42-molecules-24-01516]\]. Artificial UV rays are as dangerous as their natural counterparts; cosmetic tanning using indoor UVR predisposes its practitioners to skin cancer \[[@B39-molecules-24-01516]\]. The soaring popularity of outdoor activities, in addition to indoor tanning devices, as well as the rapid depletion of the ozone layer, have all contributed to increased UVR exposure \[[@B43-molecules-24-01516]\]. At the same time, it is important to remember there are significant positive effects that moderate doses of ultraviolet light contribute to all living creatures on the Earth, including humans. One of the best known and most positive effects of human exposure to both solar and artificial radiation is UVB-induced production of vitamin D in the skin. Vitamin D deficiency (≤20 ng/mL) is associated with increased incidence and worse prognosis of various types of cancer, including melanoma \[[@B44-molecules-24-01516]\]. Successful treatments for several human skin diseases, such as psoriasis, vitiligo, atopic dermatitis, and localized scleroderma, include solar radiation (heliotherapy) or artificial UV radiation (phototherapy). UV also generates nitric oxide (NO), which research has shown may reduce blood pressure and generally improve cardiovascular health \[[@B45-molecules-24-01516]\].

Different patterns of UV exposure, as well as different intracellular molecular pathways, affect the development of melanomas versus non-melanoma cancers. Squamous cell carcinoma can occur in the absence of UVR exposure; its occurrence has also been associated with scarring, nonhealing wounds, or chronic lesions caused by active or previous chronic immuno-inflammatory processes. This is not the case with basal cell carcinoma or melanoma \[[@B46-molecules-24-01516]\]. However, when it comes to certain humans, these cancers are in agreement: squamous cell carcinoma, basal cell carcinoma, and melanoma all more frequently affect those who are elderly, red-haired, blue-eyed, and fair-complexioned \[[@B47-molecules-24-01516]\]. Over the last few hundred years, European colonization and the emigration caused by wars and political unrest have led to humans with these vulnerable phenotypes moving to the areas with some of the highest rates of UV radiation exposure. Studies of the occurrence of melanoma across the South American continent have shown a strong correlation between white-skinned European ancestry and the risk of melanoma \[[@B48-molecules-24-01516]\]. An increased risk of these malignancies has consistently been linked with variants of the melanocortin 1 receptor (MC1R) gene \[[@B49-molecules-24-01516]\]. The MC1R, a melanocytic G protein-coupled receptor, has been shown to regulate skin pigmentation and the response to UV radiation, two factors heavily involved with the risk of melanoma. It is a highly polymorphic gene, frequently found in fair, UV-sensitive individuals (such as those described above) who are prone to melanoma as the result of defective epidermal melanization and the suboptimal DNA repair that occurs when the gene becomes dysfunctional. This is important because MC1R signaling, achieved through adenylyl cyclase activation and generation of the second messenger cAMP, is hormonally controlled by the positive agonist melanocortin \[[@B50-molecules-24-01516]\]. This protects the skin against UV damage in two different ways. First, MC1R signaling increases the production and accumulation of eumelanin in the epidermis by inducing increased synthesis of melanocytic pigments. The resulting epidermal melanization blocks skin penetration by UV rays. When UV radiation cannot enter, the risks of superficial skin damage, mutagenesis, and the development of cancer are lessened. Second, MC1R signaling makes melanocytes more resistant to UV radiation by ramping up nucleotide excision DNA repair and oxidative resistance. The melanocyte stimulating hormone (MSH)--MC1R signaling axis plays a key role in determining both the type and the amount of melanin produced by melanocytes. As such, it represents a critical UV protective mechanism innate to the skin \[[@B35-molecules-24-01516],[@B50-molecules-24-01516]\].

Exposure to UV radiation is one of the risk factors linked to the immunosuppression associated with Merkel cell carcinoma \[[@B51-molecules-24-01516]\]. The mRNA transcript of Merkel cell polyomavirus (strongly linked to Merkel cell carcinoma) small t antigen had a dose-dependent increase after UV radiation (in the form of solar-simulated radiation) \[[@B52-molecules-24-01516]\]. Moreover, Merkel cell carcinomas that are not associated with Merkel cell polyomavirus develop directly from UV-associated mutations \[[@B53-molecules-24-01516]\]. There is a greatly increased incidence of Merkel cell carcinoma among fair-skinned individuals compared to its incidence in those with darker skin \[[@B54-molecules-24-01516]\]. The lesions are most likely to develop on areas of the skin most frequently exposed to the sun, such as the head, scalp, neck, ears, and arms \[[@B55-molecules-24-01516],[@B56-molecules-24-01516]\]. Unlike so many of the other skin cancers, the literature confirms that dermatofibrosarcoma protuberans is the only one without any obvious direct link to UV radiation. This unusual skin cancer tends to form lesions on the trunk (shoulders, chest, abdomen, back, buttocks), an area of the body not exposed to the sun with the same relentless frequency as the head and arms ([Figure 3](#molecules-24-01516-f003){ref-type="fig"}). It is also imperative to mention the important role of immunosupression in favouring the development of squamous cell carcinoma, which is extremely frequent in organ transplant recipients and represents a major cause of morbidity after organ transplantation \[[@B57-molecules-24-01516]\]. Moreover, the role of certain viruses in promoting non-melanoma skin cancer is shown. The basis of such theory is represented by the genodermatosis epidermodisplasia verruciformis (EV), in which pathogenetic factors such as infection by beta human papillomaviruses as well as sun exposure are considered responsible for the malignant transformation of EV lesions to skin cancer within decades \[[@B58-molecules-24-01516]\].

4. Help the Skin by Cutting the Cancer Out in Time {#sec4-molecules-24-01516}
==================================================

Clearly, the simplest and most effective way to get rid of skin cancer is to remove the tumor. The primary purpose of surgery in treating any cancer is to completely excise the tumor, thereby preventing local recurrence. Removing cancerous tissue is complicated by the very nature of skin: it covers, and interacts with, everything else in the body. A wide excision is used to treat melanomas by removing local micrometastases along with normal tissue that, while otherwise phenotypical, may hide genotypically abnormal cells in the surrounding cutis or the superficial lymphatics. It is difficult to find the balance between removing any and all cancerous cells and not causing unacceptable functional and cosmetic harm to the patient \[[@B59-molecules-24-01516]\]. In addition, with respect to skin cancer, time is critical. If caught early, many melanomas can be managed by surgical excision alone. However, melanomas are highly invasive, metastasize quickly, and the prognosis for long-term survival is poor when the disease is advanced. Melanoma is one of the most aggressive malignancies with the lowest survival rates \[[@B60-molecules-24-01516]\]. Progress has been made with the use of targeted therapies \[[@B61-molecules-24-01516],[@B62-molecules-24-01516],[@B63-molecules-24-01516],[@B64-molecules-24-01516],[@B65-molecules-24-01516]\] and immunotherapies \[[@B66-molecules-24-01516],[@B67-molecules-24-01516]\], but melanoma remains notoriously difficult to treat once it has spread beyond its original site. A large number of clinical trials has been carried out testing all kinds of anticancer strategies. These strategies range from different types of surgery to immuno-, radio-, and chemotherapy \[[@B68-molecules-24-01516],[@B69-molecules-24-01516],[@B70-molecules-24-01516],[@B71-molecules-24-01516]\], and yet the average rate of survival is still only 6 to 10 months. The prognosis for melanoma would be less devastating if the malignant melanocytes were detected at a much earlier stage, before becoming invasive. However, melanomas have several characteristics that make early detection difficult.

In the early stages of melanoma, surgery often completely removes the cancer. Patients with Stage I/II melanomas have experienced successful eradication of their cancers following complete surgical excision of their primary tumors. In patients with lymph node infiltrations (Stage III melanoma), this surgery significantly extends their long-term survival \[[@B72-molecules-24-01516]\]. However, once the cancer has developed metastases, surgery alone is no longer the cure. Metastatic melanoma continues to have a poor prognosis, unlike localized melanoma, which responds well to surgery, because melanomas have a tendency to develop resistance to chemotherapy drugs, often after only a few cycles of treatment \[[@B73-molecules-24-01516]\]. In addition to being aggressive and drug-resistant, melanoma lesions can remain unnoticeable or asymptomatic for extended periods of time, which presents even well-trained dermopathologists with a challenge \[[@B74-molecules-24-01516],[@B75-molecules-24-01516]\]. By the time the cancer is discovered and diagnosed, it can have spread in ways that complicate the treatment plan. In one retrospective study of a series of 576 patients from a single center, the width of the excision mentioned earlier was varied. All of the patients had 1--2-mm-thick melanomas; while those with 1-cm margins were observed to have a small increase in local recurrence compared with patients with 2-cm margins, the width of the excision had no impact on overall survival \[[@B76-molecules-24-01516]\]. Common sense would seem to dictate that excision with wider margins more completely removes microscopic disease than that with narrower margins, which might allow some cancer cells to remain. The long-term results from trials carried out to specifically test this idea failed to demonstrate that a wider excision independently predicted melanoma-specific survival \[[@B77-molecules-24-01516]\]. One could conclude, and many have, that there is little evidence to support the accepted paradigm and believe that any width of histologically clear excision margin is acceptable \[[@B78-molecules-24-01516]\] ([Figure 4](#molecules-24-01516-f004){ref-type="fig"}).

Non-melanoma skin cancers occur much more frequently than melanomas; fortunately, they respond much better to treatment and have a better long-term prognosis. Local control measures, such as resection, Mohs micrographic surgery, or cryosurgery, are often completely successful treatments for these cancers \[[@B79-molecules-24-01516]\]. In addition, nonsurgical procedures such as systemic and topical pharmacotherapy, cryotherapy (CT), photodynamic therapy (PDT), laser therapy, and radiotherapy (RT) have also been used successfully \[[@B80-molecules-24-01516],[@B81-molecules-24-01516],[@B82-molecules-24-01516],[@B83-molecules-24-01516],[@B84-molecules-24-01516]\]. When diagnosed early, both basal cell carcinoma and squamous cell carcinomas are easy to treat and rarely fatal. However, in a small number of cases, both of these cancers have demonstrated the potential to metastasize and have been the cause of death. Moreover, both the developmental stages of these cancers and their subsequent treatments can be painful and cause disfigurement \[[@B85-molecules-24-01516]\]. Early recognition is the key to preventing development of the advanced stages of the disease. Many surgical and oncological organizations have established guidelines for the treatment of non-melanoma skin cancers; unfortunately, these guidelines vary greatly and are not always consistent. Generally, the margin required for high-risk basal cell carcinoma lesions is usually not more than 1.5 cm, and for high-risk lesions of squamous cell carcinoma, is usually not more than 1 cm \[[@B86-molecules-24-01516]\].

The standard of surgical care for Merkel cell carcinoma is still focused on local/regional intervention \[[@B87-molecules-24-01516]\]. Excision margins as wide as 3 cm have been reported in the literature (range: 1 to 3 cm) in attempts to successfully reduce local recurrence \[[@B86-molecules-24-01516]\]. Almost all patients who experience recurrence do so within the first 2 years of the initial treatment. In one study, most recurrences (64% of first-time recurrences) were attributed to metastases to the lymph nodes. The majority of patients (76%) in that study had Stage I carcinoma, with an overall survival rate of 81%. Unfortunately, for the rest of the patients, whose cancers had begun to spread, the progression of the disease led rapidly to death. Their median survival rate following the development of metastases was 5 months \[[@B88-molecules-24-01516]\]. Since the metastatic cells drain into the lymph nodes, pathologic evaluation of the nodes increases the accuracy of prognoses in patients with Merkel cell carcinoma \[[@B89-molecules-24-01516]\].

Some cancers are known to require drastic excision of several types of tissue in addition to skin. We mentioned dermatofibrosarcoma protuberans earlier; locally aggressive, this sarcoma grows slowly and is known to have highly irregular tumor shapes with eccentric projections and a high rate of recurrence \[[@B90-molecules-24-01516],[@B91-molecules-24-01516]\]. Although this cancer is rare and behaves differently than some of the other skin cancers, its aggressive nature means that correctly determining the treatment margins is crucial. Dermatofibrosarcoma protuberans definitely demands a three-dimensional approach to surgical excision; the established guidelines recommend peripheral margins no less than 1 cm and up to 4-cm wide and deep margins that dive well down into the fascia \[[@B86-molecules-24-01516]\]. Although this cancer occurs primarily on the trunk, recurrences tend to occur on the head, neck, and other extremities, probably because it is difficult to achieve wide enough margins in these areas \[[@B92-molecules-24-01516],[@B93-molecules-24-01516]\]. Fortunately, the majority of cases of recurrent dematofibrosarcoma protuberans can be cured with re-excision \[[@B94-molecules-24-01516]\]. The Mohs--Tübingen technique is a variant indicated for very large excisions that allows a complete eradication of the tumour, preserving healthy tissues \[[@B95-molecules-24-01516]\].

5. What Happens if the Surgeon Does Not Succeed? {#sec5-molecules-24-01516}
================================================

"Cut as soon as possible and as many times as needed": this would seem to be the modern mantra for the treatment of skin cancer. When excision works and causes minimal trauma and scarring, the cancer survivors are grateful and all is well. Unfortunately, it does not always work. For this reason, among others, we asked: are there any alternatives or additional medical practices that could be used in conjunction with (or even substitute for) surgery that could decrease the probability of recurrence, or even prevent lesions from developing in the first place? Notable results have been achieved with the use of chemoprevention and chemotherapy, but the possibility of preventing/curing serious skin cancers such as melanoma and its 'younger sister', Merkel cell carcinoma, remains elusive. These two skin cancers with the highest death rates will be the focus of our investigation in this section.

5.1. Botanicals as a Hope {#sec5dot1-molecules-24-01516}
-------------------------

Despite the development of and research using a plethora of chemopreventive agents (e.g., statins, curcumins, resveratrol, silymarin, epigallocatechin-3-gallate, selenium-containing agents, nonsteroidal anti-inflammatory drugs, beta carotene, celecoxib, alpha-difluoromethylornithine, sunscreens, betulinic acid, and vitamin D), none of them, singly or in concert, have been effective at preventing melanoma. Chemopreventive interventions can be introduced at different stages of carcinogenesis. Primary chemoprevention in normal tissue strives to inhibit the formation of mutagenic molecular species and/or facilitate the repair of any damage they have caused. The aim of secondary chemoprevention is to disrupt the progression of the disease by slowing, blocking, or reversing the conversion of premalignant cells to melanoma. Tertiary chemoprevention encompasses treatments used to prevent the recurrence of melanoma in patients previously treated for the disease. Time and time again, nature has provided compounds that prevent, diminish, or obliterate cancer. Thus, the search continues for different, more potent natural compounds or combinations of compounds with greater chemopreventive efficacy \[[@B96-molecules-24-01516],[@B97-molecules-24-01516],[@B98-molecules-24-01516]\]. Examining naturally occurring compounds is highly sensible. Several decades ago, 75% (90 of 121) of the prescription drugs being used to treat cancer treatment were derived from plants \[[@B99-molecules-24-01516]\]. Three-quarters of these were discovered when researchers began to explore the claims of medicinal folklore and the history of tribal, plant-based medicines \[[@B100-molecules-24-01516]\]. Trying to pinpoint which component in a naturally occurring compound is the one responsible for the useful effect is tricky. Often, even when results are promising, we do not know how or why. Studies of selenium-containing isoselenocyanates and isoselenoureas in laboratory-generated skin reconstructs, as well as in xenografted animal models, have produced exciting data. While this is encouraging, the safety and efficacy of these agents for use by humans require further studies. There are other naturally occurring compounds, such as curcumins and epigallocatechin-3-gallates, that also deserve further study with respect to melanoma prevention. We need to find compounds that are cost-effective to produce, effective when used, and able to eradicate the cancer without seriously disabling the patient \[[@B96-molecules-24-01516]\].

5.2. Mutations as a Grounding for Efficient Treatment {#sec5dot2-molecules-24-01516}
-----------------------------------------------------

A combination of surgery, radiotherapy, and/or chemotherapy comprises the current treatment strategies for both advanced melanoma and for Merkel cell carcinoma. Unfortunately, melanoma consistently responds poorly to chemotherapy while still managing to subject patients to severe adverse side effects. Response to treatment with dacarbazine, the most commonly used therapy for metastatic melanoma, ranges from \~10 to 20% \[[@B101-molecules-24-01516],[@B102-molecules-24-01516]\]. Several studies have yielded even lower response rates for treatment with dacarbazine; complete responses are rare \[[@B103-molecules-24-01516],[@B104-molecules-24-01516]\]. For patients with the B-RAFV600E mutation, therapies specifically targeting the MAPK (mitogen-activated protein kinase) pathway, such as vemurafenib (PLX-4032), dabrafenib, and trametinib, have significantly improved their overall survival \[[@B105-molecules-24-01516]\]. B-RAF is a serine/threonine protein kinase that activates the MAP kinase/ERK (extracellular signal-regulated kinase) signaling pathway. Inside cells, the B-RAF protein is involved in the signaling that directs cell growth. Approximately 50% of melanomas have been found to harbor activating B-RAF mutations. Over 95% of B-RAF mutations include the V600E mutation, which cause the substitution of glutamic acid for valine at residue 600 of the protein \[[@B106-molecules-24-01516]\]. As is the case with so many skin cancers, exposure to UV radiation plays a role in the genesis of B-RAF mutations in cutaneous melanoma \[[@B107-molecules-24-01516]\]. For example, B-RAF V600E mutation has been implicated in different mechanisms underlying the initiation and development of melanoma, owing mostly to deregulated activation of the downstream MEK/ERK effectors \[[@B108-molecules-24-01516]\]. While these drugs contribute to improved survival, the swift initial response to treatment with vemurafenib (PLX-4032), dabrafenib, or trametinib cannot be sustained because cancers rapidly become resistant to them \[[@B109-molecules-24-01516]\]. Activation of STAT3 (a signal transducer and activator of transcription) and its signaling pathways have been implicated in melanomas that become resistant to vemurafenib \[[@B110-molecules-24-01516]\]. For this reason, it is important to note that suppression of STAT3 activity disrupts B-RAF V600E-mediated induction of antiapoptotic proteins, seriously affecting the survival of melanoma cells \[[@B111-molecules-24-01516]\]. It is no surprise, therefore, that these treatments have no effect in patients lacking the B-RAF V600E mutation \[[@B109-molecules-24-01516]\].

It is noteworthy that the prognosis for metastatic melanoma patients with B-RAF mutations improves dramatically when immunocheckpoint inhibitors are used. When skin cells are damaged, for example by UV radiation, activated T-cell lymphocytes replicate and migrate to the damaged site. CD4+ helper T cells and CD8+ cytotoxic T cells (CTL) provide one of the main defenses against cancer cells: they detect and kill cancer cells in their role as managers of humoral and cell-mediated responses \[[@B112-molecules-24-01516]\]. Some regulatory mechanisms exist to control the intensity and duration of the T-cell response or to help maintain cellular equilibrium. For instance, lymphocytes can monitor their environment and overexpress coinhibitory immune checkpoint molecules, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA4), to antagonize the costimulatory signals activating them. Cancer cells overexpress two programmed death ligands (PDL1 and PDL2); lymphocytes express a receptor, programmed cell death protein 1 (PD1), that readily recognizes its ligand. This can lead to exhaustion as the lymphocytes respond to the cancer cells. The FDA has approved only one anti-CTLA-4 drug, ipilimumab. Unfortunately, despite whether it is used as a first-line or second-line therapy, the patient survival rate 3 years after treatment is only 20% \[[@B113-molecules-24-01516]\]. The clinical application of these drugs needs further elucidation; much energy is being spent researching how to increase the efficacy of immunotherapy.

Another cohort of mutations driving the development of melanoma is found in the neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS), which codes for a small guanine triphosphate (GTP)-binding protein. RAS oncogenes with activating mutations have been observed in a third of all human cancers; 15--20% of melanomas carry NRAS mutations, most frequently at hotspots in exon 2 (codon 61) (NRAS Q61L/R). Compared to melanomas without any NRAS mutations, the subset of melanomas with NRAS mutations is more aggressive and inevitably associated with poorer outcomes \[[@B114-molecules-24-01516]\]. NRAS mutation status has been shown to be a useful independent predictor of shorter survival rates following diagnosis with Stage IV melanoma \[[@B115-molecules-24-01516]\]. Although increased use of immune checkpoint inhibitors and targeted therapies for B-RAF-mutant melanomas has transformed the treatment of certain metastatic melanomas, the ideal treatment for NRAS-mutant melanomas remains unknown \[[@B114-molecules-24-01516]\]. Since patients with mutant NRAS tumors tend to be older, with a history of chronic ultraviolet (UV) exposure, their cancers are more challenging to treat successfully \[[@B115-molecules-24-01516],[@B116-molecules-24-01516],[@B117-molecules-24-01516]\]. Clinical trials are being carried out to investigate a large number of the newer targeted therapeutic strategies, specifically mono- and combination therapy with MEK inhibitors, which appear promising. While immune-based therapies are not genotype-specific, compared with their efficacy in other melanomas, they seem to be at least as effective, possibly more so, in the subset with NRAS mutations \[[@B114-molecules-24-01516]\].

Few advances have been made in the chemoprevention of Merkel cell carcinoma, which is also the case with melanoma. The pathogenesis of Merkel cell carcinoma is not well understood; despite the upswing in mutational analyses, a set of signature mutations has yet to be identified in the majority of cases. While some mutations, including TP53, retinoblastoma, and PIK3CA, have been documented in certain subsets of patients, it is likely that other mechanisms are also involved, including some patients infected with the Merkel cell polyomavirus, dysregulated immune surveillance, epigenetic alterations, aberrant protein expression, post-translational modifications, and microRNAs \[[@B118-molecules-24-01516]\]. In addition, several other molecular abnormalities have been reported in Merkel cell carcinomas, including overexpression of Hedgehog (Hh) signal pathway proteins, telomerase activation (TERT), chromosomal abnormalities \[[@B119-molecules-24-01516]\], and microRNA alterations \[[@B120-molecules-24-01516]\]. Those with compromised immune systems are at greater risk; the immunosuppression accompanying HIV infection increases the relative risk of Merkel cell carcinoma \~13-fold, and that experienced by solid-organ transplant patients by 10-fold \[[@B121-molecules-24-01516],[@B122-molecules-24-01516]\]. As if one cancer were not enough, patients with chronic lymphocytic leukemia (CLL) are also at increased risk for Merkel cell carcinoma \[[@B123-molecules-24-01516]\]. It is not well understood how immunosuppression and Merkel cell carcinoma are related. However, the fact that in \~80% of Merkel cell carcinomas, those with the disease were found to have first been infected with the Merkel cell polyomavirus (MCPyV) provides evidence for a potential mechanism effecting the malignant transformation \[[@B124-molecules-24-01516]\]. The mechanisms responsible for MCPyV-negative Merkel cell carcinoma oncogenesis, which are also poorly understood, may involve somatic mutations in tumor suppressors, such as RB1 and TP53, or epigenetic alterations that cause aberrant expression and activity in oncogenes \[[@B125-molecules-24-01516],[@B126-molecules-24-01516]\]. One study identified 30 genes with aberrations and 60 distinct molecular alterations among the patient population. The most common abnormalities, found in 71% of the patients, involved the TP53 gene and the cell cycle pathway (CDKN2A/B, CDKN2C, or RB1). Abnormalities also were observed in the PI3K/AKT/mTOR pathway (53%) and DNA repair genes (ATM, BAP1, BRCA1/2, CHEK2, FANCA, or MLH1) (29%) ([Figure 5](#molecules-24-01516-f005){ref-type="fig"}). Possible cognate targeted therapies, including FDA-approved drugs, could be identified in most of the patients. The authors concluded that Merkel cell carcinomas were characterized by multiple distinct aberrations that were unique in the majority of analyzed cases. Most of the patients had alterations that were theoretically treatable. These results provide a framework for investigating tailored combinations of matched therapies in Merkel cell carcinoma patients \[[@B127-molecules-24-01516]\].

The response of Merkel cell carcinoma to treatment modalities is variable, along with its prognosis, which means that clinical and histologic characteristics are of limited use when it comes to predicting outcome. Underlying the perplexing natural history of Merkel cell carcinoma are several poorly understood factors. These include unique differences in chromosomal abnormalities, genetic mutations, expression profiles, and epigenetic controls of individual tumors. When a better understanding of Merkel cell carcinoma can be achieved at the molecular level, it will increase our chances of predicting how these tumors will respond to aggressive surgery, the prognosis for patients, and how to develop more effective targeted therapies \[[@B118-molecules-24-01516]\]. An important factor in the analysis of mutations in Merkel cell carcinoma is MCPyV status. Discovered in 2008, the Merkel polyomavirus is one of 13 known polyomaviruses that naturally infect humans. Among these, however, it is the only human polyomavirus believed to be involved in tumorigenesis \[[@B128-molecules-24-01516]\]. Why is the infection rate with this virus higher in Merkel cell carcinoma patients? What sparks oncogenic transformation in infected patients? The answers to these questions are unknown, although it is likely that immunocompromise plays a role \[[@B129-molecules-24-01516]\]. In immunocompromised patients, the incidence of Merkel cell carcinoma is greater by 15-fold, increasing to 30-fold in patients with other blood cancers \[[@B123-molecules-24-01516],[@B130-molecules-24-01516]\]. Chemotherapy is one of the most common treatments used for patients with metastases. Current systemic chemotherapies include platinum, administered with or without etoposide, as well as cyclophosphamide, doxorubicin, and vincristine \[[@B131-molecules-24-01516],[@B132-molecules-24-01516],[@B133-molecules-24-01516]\]. The responses achieved with these cytotoxic agents are modest, at best; the median progression-free survival is 3 months. Unfortunately, many cancers develop resistance to the drugs following two to three treatment cycles. For this reason, treatments that rely on different procedures and/or on agents other than drugs have been investigated, including radiation therapy \[[@B133-molecules-24-01516],[@B134-molecules-24-01516]\]. Immunotherapy using a humanized anti-PD1 antibody (for example, systemic pembrolizumab (MK-3475)) \[[@B135-molecules-24-01516]\] and targeted molecular therapy are two other investigational approaches that have been used to treat metastatic Merkel cell carcinoma \[[@B136-molecules-24-01516],[@B137-molecules-24-01516],[@B138-molecules-24-01516],[@B139-molecules-24-01516]\]. The disease is rare; therapeutic response data often derive from case reports and studies of retrospective series rather than clinical trials, making it challenging to define the role of chemotherapy in the management of advanced Merkel cell carcinoma. In fact, there are no drugs approved by the FDA that specifically target Merkel cell carcinoma \[[@B127-molecules-24-01516]\].

6. Keep Silencing: Approaches for the Treatment of Melanoma and Merkel Cell Carcinoma Using Antisense Oligonucleotides {#sec6-molecules-24-01516}
======================================================================================================================

For both metastatic melanoma and Merkel cell carcinoma, there is definitely room for improvement with respect to treatment. The need to develop novel agents for the treatment of these cancers is urgent. Changes in the genetic code of certain genes in the human dermis and epidermis are the source that 'gives birth' to skin cancer. It seems obvious that it makes sense to apply techniques used to manage other types of 'poorly working genes' by enlisting the help of the universal molecules that control all cells: nucleic acids, particularly antisense oligonucleotides. Current use of antisense oligonucleotides in therapeutic medicine may seem exotic, as they were originally developed for and are being used to treat quite rare diseases, such as familial hypercholesterolemia \[[@B140-molecules-24-01516]\], spinal muscular atrophy \[[@B141-molecules-24-01516]\], and Duchenne muscular dystrophy \[[@B142-molecules-24-01516]\]. As we examine how they might help address two difficult cancers, melanoma and Merkel cell carcinoma, it is worth mentioning these drugs and their developers, because they too "chose to address difficult conditions, with seemingly unreachable goals, where conventional approaches had not noticeably succeeded" \[[@B143-molecules-24-01516]\].

Antisense oligonucleotides (ASOs), short single-stranded polymers based on DNA or RNA chemistry and synthesized in vitro, silence gene expression by binding to an RNA target in a sequence-specific manner. The combination of nitrogenous bases in a target sequence significantly affect the functional activity and selectivity of the action of ASOs. Clinical experiences with the first generation of antitumor ASOs proved to be disappointing \[[@B144-molecules-24-01516]\]. As a result, scientists have included many chemical modifications (phosphorothioates, 2'-O-methyl oligonucleotides, locked nucleic acids, morpholino oligomers, etc.) in the ensuing generations of ASOs to improve binding properties and the ability of ASOs to penetrate cells, to increase their stability in vivo and their efficacy, and to diminish unintended nontarget effects \[[@B143-molecules-24-01516]\]. Fomivirsen, the first antisense drug made with a phosphorothioate backbone, was approved in 1998 by the U.S. Food and Drug Administration (U.S. FDA) and in 1999 by the European Agency for the Evaluation of Medicinal Products (EMEA) for the treatment of retinitis cytomegalovirus (CMV) in patients with AIDS. Although fomivirsen was administered locally as an intravitreal injection, its use demonstrated the possibility that drugs developed from antisense oligonucleotides could be administered systemically in the treatment of human diseases \[[@B145-molecules-24-01516]\]. Several drugs (Kynamro^®^, Spinraza^®^, EXONDYS 51^TM^, etc.), generally administered via intravenous infusion, are approved today by the FDA \[[@B143-molecules-24-01516]\]. Unfortunately, oligonucleotide-based therapeutics has not yet delivered a clinical drug to the market in the cancer field \[[@B146-molecules-24-01516]\].

Antisense describes a pharmacologic strategy that blocks the translation of specific proteins from mRNA, thus decreasing their expression ([Figure 6](#molecules-24-01516-f006){ref-type="fig"}). A specific and pertinent example is the malignant transformation of normal cells, which requires the inactivation of apoptosis. Healthy normal cells use apoptosis to control cell damage. When they lose this important function, they can become cancerous. Many chemotherapeutic agents induce apoptosis \[[@B147-molecules-24-01516]\]; when melanoma cells are unable to undergo apoptosis in response to this cytotoxic assault, the treatment fails \[[@B148-molecules-24-01516]\]. Data from genetic, functional, and biochemical studies suggest that melanomas have learned how to use this reduced or complete inability to undergo apoptosis as a way to circumvent the actions of chemotherapy drugs and that they have developed strategies to protect the pathways responsible for survival and proliferation, allowing the melanoma to thrive \[[@B149-molecules-24-01516]\].

The development of drug resistance common to melanomas has been attributed in part to overexpression of BCL-2, an antiapoptotic protein integral to the overall process of apoptosis regulation \[[@B73-molecules-24-01516],[@B149-molecules-24-01516]\]. BCL-2 is located deep in the mitochondrial membrane, where it blocks the release of cytochrome C \[[@B150-molecules-24-01516]\], canceling out the attempts of cytotoxic chemotherapy to trigger cancer cell death by activating an apoptotic cascade initiated by mitochondrial release of cytochrome C and activation of caspase 9 \[[@B151-molecules-24-01516]\]. Antiapoptotic BCL-2 family members are divided into two subclasses, one comprising BCL-2, BCL-X~L~, and BCL-W, and the other MCL-1 and BCL-2A1. Both subclasses must be neutralized before apoptosis can be induced \[[@B152-molecules-24-01516]\]. Clinical studies investigating the effects of BCL-2 antisense therapy in patients with melanoma have shown promise. The data suggest that BCL-2 and BCL-XL are promising targets for the development of antisense therapies for melanoma, including additional clinical benefits from the simultaneous downregulation of their expression \[[@B148-molecules-24-01516]\]. One example of this is oblimersen sodium (Genasense; Genta International Inc, Berkeley Heights, NJ), an 18-base phosphorothioate antisense oligonucleotide that binds to the first six codons of the BCL-2 mRNA open reading frame and mediates the cleavage of RNA by RNase H. Oblimersen downregulates the expression of the BCL-2 protein and increases chemotherapy-induced apoptosis in human cancer xenografts \[[@B153-molecules-24-01516],[@B154-molecules-24-01516]\]. Oblimersen is rapidly metabolized into metabolites and shorter versions of the parent molecule. This is carried out by exonucleases that sequentially cleave single nucleotides from the parent oligonucleotide, which results in a mononucleotide metabolite and the parent molecule shortened by 1 nucleotide (e.g., N-1 (a 17-mer) and N-2 (a 16-mer)) (data on file, Genta Incorporated). In pharmacokinetic studies, analysis of the primary metabolites (N-1 and N-2) has shown them to be biologically active. In some published studies, the pharmacokinetic parameters reported for oblimersen comprised the sum of oblimersen and its metabolites because the analytical methods used were unable to resolve the parent molecule from the chain-shortened metabolites \[[@B155-molecules-24-01516]\]. Data from one study show that the addition of oblimersen to dacarbazine in the treatment of advanced melanoma significantly improved multiple clinical outcomes and increased the overall survival of patients whose baseline serum LDH was not elevated \[[@B151-molecules-24-01516]\]. Initial clinical studies carried out using a continuous 14-day subcutaneous infusion of oblimersen found dose-limiting toxicities of fever, thrombocytopenia, and fatigue \[[@B156-molecules-24-01516]\].

Another antiapoptotic protein, survivin, may prove useful in developing therapies using antisense oligonucleotides in melanoma. Survivin is a member of the inhibitor of apoptosis protein (IAP) family. Expression of survivin is high in embryonic and fetal organs and in various human cancers, including melanoma, but is minimal or absent in adult normal cells and undetectable in most terminally differentiated human tissues \[[@B157-molecules-24-01516],[@B158-molecules-24-01516],[@B159-molecules-24-01516]\]. Survivin binds to procaspase-9 in association with a cofactor and selectively suppresses the mitochondria/cytochrome C apoptosis pathway \[[@B160-molecules-24-01516]\]. During mitosis, overexpressed survivin associates with microtubules of the mitotic spindles and demonstrates oncogenic properties by overriding the G2--M phase checkpoint \[[@B161-molecules-24-01516]\]. LY2181308 (Eli Lilly and Co.) is an antisense oligonucleotide molecule designed to inhibit survivin. This 18-mer 2'-O-methoxyethyl (MOE)-modified second-generation ASO was specifically developed to inhibit expression of survivin in tumor cells. When LY2181308 binds to the translation initiation codon on survivin mRNA, it blocks translation, which leads to degradation of the transcript \[[@B162-molecules-24-01516]\]. In a dose-escalation study of protein expression and apoptosis, patients received intravenous LY218308 before and after their breast tumors were biopsied. The investigators hoped to demonstrate reduced survivin protein expression and restored in vivo apoptotic signaling \[[@B163-molecules-24-01516]\]. Use of these oligonucleotides includes some caveats; their stability is limited in vivo and they were inefficient when targeting and neutralizing survivin mRNA \[[@B164-molecules-24-01516]\]. In addition, in patients receiving long-term treatment with antisense oligonucleotides, kidney function should be monitored frequently. This is particularly important when they are being treated with angiotensin-converting enzyme inhibitors or nonsteroidal anti-inflammatory drugs in combination with ASOs that target survivin \[[@B165-molecules-24-01516]\].

Decreased apoptosis is a hallmark of Merkel cell carcinoma regardless of the patient's Merkel cell polyomavirus status. High levels of expression of the BCL-2 protein in Merkel cell carcinoma may contribute to tumor growth by rescuing the transformed cells from apoptosis. For this reason, finding a way to modulate the expression of BCL-2 offers a promising strategy for treating Merkel cell carcinoma; the results from two independent studies found overexpression of antiapoptotic BCL-2 in 75% of the Merkel cell carcinoma tumors studied \[[@B166-molecules-24-01516],[@B167-molecules-24-01516]\]. In one study, human Merkel cell carcinoma was grown in SCID (severe combined immunodeficient) mice (characterized by an absence of functional T cells and B cells) and BCL-2 antisense phosphorothioate oligonucleotides were used. Western blot analysis of the tissue from oligodeoxynucleotide-treated tumors showed a 30% reduction of BCL-2 levels of in the antisense group, a reduction not found in any other treatment group. While this reduction of BCL-2 levels seems rather small, it became obvious that the growth of tumors in the antisense group was also reduced after the second week of treatment \[[@B168-molecules-24-01516]\]. However, when tested in a Phase II trial in humans, these same antisense oligonucleotides demonstrated very little, if any, efficacy in patients with Merkel cell carcinoma \[[@B169-molecules-24-01516]\]. From the sequence specificity of the effects observed in Merkel cell carcinoma, it would appear that the BCL-2 antisense oligonucleotide used in the study employed an antisense mechanism of action; however, additional non-antisense interactions cannot be excluded \[[@B170-molecules-24-01516]\].

7. Future Perspectives {#sec7-molecules-24-01516}
======================

Few attempts have yet been made to counteract skin cancer using antisense oligonucleotides. With difficult cancers such as melanoma and Merkel cell carcinoma, gene silencing remains an effective prospective strategy to limit disease progression. Inhibition of the expression of apoptosis/antiapoptosis system proteins, such as BCL-2 and survivin, could reverse or even prevent the disease process.

Cutaneous delivery of antisense oligonucleotides provides a simpler, less stressful alternative to intravenous injection with an excellent potential in the treatment of skin diseases. The skin, which is easily accessible, is the perfect target for gene-silencing strategies developed to treat localized skin diseases including skin cancer, psoriasis, and atopic dermatitis \[[@B171-molecules-24-01516],[@B172-molecules-24-01516]\]. Compared with other organs, it is easier and by far more practical to assess the efficacy of treatment by visual inspection or biopsy of the skin \[[@B171-molecules-24-01516]\]. In addition, compared with other routes of delivery, the skin has relatively fewer nucleases \[[@B173-molecules-24-01516]\]. Topical application of antisense therapy to the skin allows it to be confined to the affected area, reducing the likelihood of either localized or systemic toxicity, such as the thrombocytopenia caused by phosphorothioate oligonucleotides \[[@B171-molecules-24-01516]\]. In a clinical trial carried out in humans, administration of the phosphorothioate oligonucleotide ISIS 2302 caused dose-related elevations in activated partial thromboplastin time up to 10 s in length \[[@B174-molecules-24-01516]\]. In studies carried out in animals, systemic administration of phosphorothioate oligonucleotides resulted in other, nonspecific toxicological problems. Intravenous administration is more likely than topical delivery to result in systemic absorption of oligonucleotides because of the relatively low lipophilicity of these molecules \[[@B171-molecules-24-01516]\]. However, the high molecular weight (≥3300 Da) and negative charge commonly associated with an ASO limit its effective delivery through the skin. Delivery of an ASO is also limited by poor cellular uptake and entrapment in the harsh endolysosomal compartment of the cell \[[@B175-molecules-24-01516]\]. Degradation of an ASO by nucleases occurs rapidly, which means that the systemic half-life ranges from a few minutes to hours \[[@B176-molecules-24-01516]\]. Chemical modification of the phosphate backbone improves the stability of antisense oligonucleotides, but membrane permeability, which is vital, remains a challenge \[[@B177-molecules-24-01516]\]. Development of efficient carriers to improve membrane permeability and cell uptake of ASOs is of paramount importance.

Antisense nucleotides cannot begin attacking cancer cells until they can reach them. When it comes to penetrating the skin, several obstacles need to be overcome. A variety of techniques that increase the ability of antisense oligonucleotides to penetrate the skin has been investigated \[[@B178-molecules-24-01516]\]. Chemically, use of skin-penetrating peptides and chemical enhancers such as liposomes has been shown to enhance the skin penetration by ASOs and siRNA \[[@B179-molecules-24-01516],[@B180-molecules-24-01516]\]. Active physical techniques that allow passage through the stratum corneum into the viable dermal tissues below include use of microneedles, electroporation, laser ablation, and low-frequency ultrasound \[[@B181-molecules-24-01516],[@B182-molecules-24-01516],[@B183-molecules-24-01516],[@B184-molecules-24-01516]\]. In one study, it was demonstrated that dendrimers (an example of a chemical enhancer) are promising nanocarriers for penetrating the skin and delivering topical gene silencing nucleotides. An ASO--dendrimer complex delivered iontophoretically (an example of an active, physical method that navigates past the stratum corneum) to porcine skin successfully reached the viable epidermis. In contrast, passively delivered free or dendrimer-complexed ASO remained localized to the stratum corneum and therefore largely ineffective. The dendrimer complex significantly enhanced uptake of ASO by the cells, which allowed the complex to suppress the overexpression of BCL-2 within the cell. In skin cancer studies using a mouse model and a combination of chemical and active physical methods, an iontophoretically delivered ASO--dendrimer complex reduced tumor volume by 45%. It also reduced the protein levels of BCL-2 and caused significant apoptosis in the skin tumor cells \[[@B185-molecules-24-01516]\]. In another study \[[@B186-molecules-24-01516]\], the authors demonstrated that they could effectively deliver melanoma treatment in vivo using nanoparticles. The surface of single-walled carbon nanotubes was treated with a polymeric surfactant, polyethyleneimine (PEI), to make the inert surface 'functional', i.e., more attractive to small organic molecules. These functionalized carbon nanotubes were used in a mouse melanoma model to deliver anti-B-RAF siRNA, which resulted in the silencing of B-RAF and attenuated tumor growth.

Another prospective method of delivery of antisense oligonucleotides, which has not yet been tested on melanoma or Merkel cell carcinoma, is use of a specific cream or ointment formula as the vehicle. These creams and ointments cannot reach the living epidermis and dermis to exert their anti-inflammatory effects if the large anionic molecules within them cannot penetrate the tough layers of the stratum corneum \[[@B172-molecules-24-01516]\]. The epidermis is made up of keratinocytes busy moving upward to eventually form the environmental barrier of the stratum corneum. Within the epidermis, these keratinocytes are densely packed together by cell--cell tight junctions, which use cell adhesion to obliterate intercellular space. Paracellular transport in the epidermis is inhibited by the channel-forming tight-junction proteins claudin-1, claudin-4, occludin, and zonula occludens-1 \[[@B187-molecules-24-01516]\]. This makes both vertical and lateral transport difficult for a variety of molecules. To be effective, treatments comprising nucleic acids and other large macromolecules, along with nanoparticles, nucleic acid--lipid complexes, and other drug carriers, need to be able to move more deeply into the skin. They also need to be able to reach peripheral areas of the skin by moving laterally from the site of administration. The barriers created by the stratum corneum and the epidermal transport, which exist to protect the body from invasive molecules, in this case must be overcome if treatments such as nucleic acids are to be delivered to diseased areas \[[@B188-molecules-24-01516]\].

Several groups have evaluated the accumulation of oligonucleotides in the skin following topical application. It is difficult to draw concrete conclusions from their results, which tend to vary depending on the chemical modifications incorporated into the oligonucleotide sequence and whether psoriatic or normal skin was used \[[@B173-molecules-24-01516],[@B189-molecules-24-01516],[@B190-molecules-24-01516]\]. In one study carried out on human skin transplanted onto severely compromised immunodeficient mice, researchers applied a cream formulation containing a 20-nucleotide phosphorothioate intercellular adhesion molecule-1 antisense oligodeoxynucleotide. The cream contained glycerol monostearate (10%), hydroxypropyl methylcellulose (0.5%), isopropyl myristate (10%), hydroxypropyl methylcellulose (0.5%), isopropyl myristate (10%), methylparaben (0.5%), propylparaben (0.5%), polyoxyl-40-stearate (15%), and water. This antisense oligodeoxynucleotide effectively inhibited TNF-α-induced expression of intercellular adhesion molecule-1. The effects of this topical cream, which resulted from reduced levels of intercellular adhesion molecule-1 mRNA in the skin, were concentration-dependent and sequence-specific. While intravenous administration failed to show any pharmacologic effects, possibly because the concentration of the oligodeoxynucleotide in the skin was insufficient, topical administration resulted in a rapid and significantly higher accumulation of the drug in the epidermis and dermis. These results strongly indicate that antisense oligonucleotides can be delivered to target sites on the skin via topical application. This is valuable information that could revolutionize the treatment of psoriasis and other inflammatory skin disorders \[[@B173-molecules-24-01516]\].

While our skin has evolved to present a serious impediment to foreign molecules seeking entrance to our bodies, one that is quite tough to breach, it does have holes: pores and hair follicles. In a study investigating ASOs carried in a lipophilic vehicle, it was observed that these topically applied oligonucleotides accumulated in the hair follicles, from which area they were trafficked into the dermis along with their vehicle. The authors also observed that while the ASO as formulated was unable to penetrate the skin of hairless mice, the results were dramatically different when the same ASO cream was applied to the hair-clipped skin of BALB/C mice. These experimental data led the investigators to hypothesize that following topical application of an ASO formulation, the hair follicle is a route of ASO trafficking into skin \[[@B172-molecules-24-01516]\], which confirms the results of other researchers who have also demonstrated that large macromolecules could be delivered into the skin via hair follicles \[[@B191-molecules-24-01516],[@B192-molecules-24-01516]\]. While ASOs have been tested in both cream and simple saline formulations, successful dermal distribution of ASOs has only been observed when they are applied via cream formulations \[[@B172-molecules-24-01516]\].

Our research group has concentrated on the creation of an antimelanoma ointment with antisense BCL-2 and antisense survivin phosphorothioate oligonucleotides as the basic active substances ([Figure 7](#molecules-24-01516-f007){ref-type="fig"}). In our opinion, the cumulative effect of the proposed antisense oligonucleotides combined with the special ointment formula will achieve a more pronounced apoptotic effect both in melanoma cell lines and on the skin of experimental animals. Ointments have a higher concentration of oil than creams. A higher concentration of oil in the preparation allows a higher rate of penetration of through the stratum corneum into the epidermis and dermis. This in turn allows the antisense oligonucleotides to reach the proposed zones of the melanoma precursor cells, which include dedifferentiated melanocytes, melanocyte progenitors in the bulge region of hair follicles, and neural crest-derived Schwann cell precursors \[[@B20-molecules-24-01516],[@B21-molecules-24-01516],[@B22-molecules-24-01516],[@B23-molecules-24-01516]\]. Ointments also make it easier to treat the zones adjacent to the tumor focus, which is vital in aggressive cancers prone to metastasis. When examining the areas beyond the histologically recognizable boundaries of a melanoma, carcinogenic melanocytes (field cells) in the epidermis have been found up to 3 mm away \[[@B193-molecules-24-01516]\]. Following genetic profiling, it was found that field cells represent an earlier phase of disease that precedes melanoma in situ. Nothing about the character of the tumor, including its depth or diameter, seems to correlate in any way with the extent to which field cells exist near it. This means that tumor depth is not a useful parameter with which to predict the extent of field cells. In addition, these results demonstrate that, on acral sites, melanoma field cells extend significantly into seemingly normal skin. The existence of these elusive field cells makes it easier to understand why certain types of melanoma tend to recur locally even after (apparent) complete excision \[[@B194-molecules-24-01516]\] and explains why a significant number of patients diagnosed with intermediate-thickness (2--4 mm) cutaneous melanoma eventually suffer recurrence at local or distant sites \[[@B195-molecules-24-01516]\]. It is not known what specific event initiates metastasis. One hypothesis is that metastasis occurs when cancer cells fuse with macrophages or other migratory bone marrow-derived cells \[[@B196-molecules-24-01516]\]. This fusion would then activate the master regulatory genes that activate multiple pathways, particularly those related to epithelial--mesenchymal transition, such as SNAIL, SLUG, SPARC, and TWIST. In an effort to understand how this fusion could happen, spontaneous PADA melanoma was studied using electron microscopy. In this cancer, it was found that the melanin was located in autophagosomes, not in the cytoplasm, as is usually the case with melanocytes \[[@B197-molecules-24-01516]\]. This demonstrates that cancer cells can acquire the phenotype of macrophages, lending support to the idea that this may be one method by which metastases may begin \[[@B198-molecules-24-01516]\].

When investigating the potential of DNA insecticides, we conducted large-scale preparatory studies using topically applied antisense fragments of the IAP-Z gene \[[@B143-molecules-24-01516],[@B199-molecules-24-01516],[@B200-molecules-24-01516]\] of the gypsy moth, *Lymantria dispar* L. At the larval stage, *L. dispar* cells, including epithelium cells, divide very actively (over a period of 2 months, the insect mass increases, on average, by 1000-fold), with a level of proliferation comparable to that of cancer cells. Experimental results have shown the possibility of using short 18--20-nucleotide-long antisense fragments to increase the rate of apoptotic processes in cells.

8. Conclusions {#sec8-molecules-24-01516}
==============

Deaths from melanoma and Merkel cell carcinoma happen most often after several surgical interventions. Therefore, there is time available during treatment that could be spent more efficiently. In our opinion, antisense oligonucleotides, which can be used in the form of targeted ointments or creams, provide particular hope for the elimination of cancer cells in the area near the tumor focus, both before and after surgery, to delay or even prevent the primary tumor from developing metastases and sending them to the lymph nodes. We also strongly believe that with the help of antisense techniques, Google searches for melanoma and Merkel cell carcinoma will be supplemented with the words 'remission' and even 'complete cure'. In the meantime, there is hard work to be done. First, please examine your skin, because it is all a matter of timing when it comes to skin cancer, particularly melanoma and Merkel cell carcinoma. To determine whether any skin changes you find are likely to be skin cancer, ask your doctor to examine your skin as well.
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